PUWK reporting bw'd«n f<y trio coiwcnon o« information n «stimatM to ««er»9* « nour per retponte. including the time for reviewing instructions, searching ensting data sources. gathering and maintaining the data needed, and completing and reviewing the rc!»ect»on of information Send comment» regarding this burden estimate or any other aspect of thr» collection of information, including suggestion» for reducing this burden, to Washington Meadouarters Services. Directorate to ' 
1.

INTRODUCTION
The University of Michigan has designed and built MillimeterWave radar systems for characterizing the scattering properties of terrain. These systems use a vector network analyzer as the signal processor. The systems have been used successfully under laboratory conditions to measure the polarimetric response of a variety of targets, including small trees. Under field conditions, however, the systems were incapable of providing accurate measurements because of the temporal movements of the target (tree leaves and branches) during the multipolarization data acquisition period (approximately 1 second). To overcome this problem, we proposed to ARO to convent the system to the incoherent-on-receive data acquisition mode which is insensitive to target motion. The conversion necessitated changes in the radar antennas, the RF circuitry, and the software program.
With the funds made available through ARO Contract DAAL-03-90-G-0203, we were able to implement the necessary modifications and verify that the two modes of operation provide identical results under laboratory conditions. The details of these results are given in Appendix A which is a copy of a paper that was presented at the 1991 AGARD Symposium in Ottawa, Canada.
INSTRUMENTATION
The instrumentation purchased through funds from this contract included: 
PUBLICATIONS
Millimeter Wave Polarimetric Scatterometer Systems: Measurement and Calibration Techniques, Y. Kuga, K. Sarabandi, A. Nashashibi, F.T. Ulaby and R. Austin. 1991 AGARD Symposium, Ottawa, Canada.
PARTICIPATING PERSONNEL
Since this contract was specifically intended for the purchase of equipment, no personnel were supported by this contract.
INVENTIONS
None. 
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SUMMARY
The target and system phase-stability during the time to measure the scattering matrix is a major problem for millimeter wave polarimetric radars This is particularly true for network analyzer-based systems. To circumvent this phase-stability problem, we have developed new fully polarimetric radars at 35 and 94 GHz. The system is based on a relatively inexpensive network analyzer and is capable of operating in either the coherent or the incoherent polarimetric measurement mode. In the coherent mode, the scattering matrix can be measured within 2 ms. In the incoherent mode, the average Mueller matrix is measured directly by transmitting four different polarizations and measuring the Stokes vector of the backscattered signal. To compare the performance of the true measurement modes, the average Mueller matrix and the statistics of the phase difference of the two co-polarized signals were measured for a rhododendron tree and for a metallic tree. The average Mueller matrices obtained from the coherent and incoherent polarimetric measurement modes were similar The target motion during the data acquisition period did not change the average Mueller matrix in the incoherent measurement mode. The probability density function of the phase difference of the two co-polarized signals computed from the average Mueller matrix is essentially the same as the one measured with the coherent polarimetric measurement mode.
INTRODUCTION
Increasing interest has been expressed in recent years for understanding the statistical properties of data obtained with fully polarimetric radars for remote sensing applications [Ulaby and Elachi, 1990] . At centimeter wavelengths, polarimetric data has been found to be useful for land-use classification [Van Zyl et. al., 1987] and for measuring the biophysical properties of forest canopies [McDonald et. al., 1990] . For the MMW region, however, it is still not clear what type of information can be extracted from polarimetric radar, over and above the magnitude information provided by conventional radar systems. Unlike the microwave region, the complexity and the cost of building a fully polarimetric radar at millimeter-wave frequencies is still very expensive, and progress has been rather slow, which is due, in part, to the limited availability of experimental data.
At microwave frequencies the traditional approach used for measuring the polarimetric radar response of a given target is based on the direct measurement of the target's scattering matrix, S. For distributed targets, such as terrain surfaces, multiple measurements of S are made, corresponding to statistically independent samples, each measurement is used to compute its corresponding Mueller matrix C, and then an ensemble average is performed to obtain an estimate of the average Mueller matrix, < C >. Whereas the scattering matrix measurement technique is appropriate at microwave frequencies, it is difficult to implement al millimeter wavelengths because it requires that both the system and target phases remain stable during the time it takes to measure S. This is particularly true for network analyzer-based polarimetric radars .
To circumvent this phase-stability problem, we have developed new fully polarimetric radars at 35 and 94 GHz. The system is based on relatively inexpensive network analyzer and is capable of operating in either the coherent or the incoherent polarimetric measurement mode. In the coherent mode, the scattering matrix can be measured within 2 ms. In the incoherent mode the average Mueller matrix is measured directly by transmitting four different polarizations and recording the horizontally polarized and vertically polarized components of the backscattered field. This paper includes a detailed analysis of the two measurement modes, and provides comparisons of data measured using the two modes for a rhododendron tree and an artificially made metallic tree.
NWA BASED POLARIMETRIC RADARS
The fully polarimetric radar configuration based on the vector network analyzer (NWA) is easy to construct and is widely used for remote sensing investigations . These systems usually are operated in the swept frequency mode over a given bandwidth. The minimum sweep time, which depends on the number of frequency points and the type of NWA, is typically between 100 to 400 ms. The decorrelation time of the MMW wave scattered from trees, on the other hand, can be shorter than 10 ms [Narayanan et. al., 1988] . Hence, when using the fully coherent measurement configuration, it is necessary that all four components of the scattering matrix be measured within a few milliseconds in order to obtain accurate data. If the V-and Hpolarized signals are transmitted sequentially in the swept frequency mode, it will take at least 0.5 to 1 second to gel a complete scattering matrix, including the data transfer time between the NWA and the computer. Obviously, the NWA-based MMW radar used in the swept frequency mode is not suited for coherent polarimetric measurements. There are two ways to overcome the shortcoming of the traditional swept-frequency NWA based polarimetric radar. The first approach is the incoherent polarimetric measurement technique. With this technique the swept frequency mode can still be used for the NWA operation but the radar transmitter must be modified to transmit four independent polarizations. The data processing and calibration are substantially more complicated than those associated with the coherent polarimetric technique. The second approach is the coherent polarimetric measurement technique using Coupled/Chop mode and point by point external triggering of the NWA. We have developed both coherent and incoherent polarimetric radars based on these techniques at 35 and 94 GHz. The radar front end and data acquisition system are ihe same for both systems. The only difference is the operating mode of the NWA and the data processing. It is, therefore, possible to obtain polarimetric data of the same targets coherently and incoherently. The block diagram of ihe MMW radar system and the 35 GHz front end are shown in Figs 1 and 2. The block diagram of the 94 GHz is essentially the same as lhat of the 35 GHz system In the following section the details of the coherent and incoherent systems will be discussed.
Coherent Polarimetric Radar
The coherent polarimetric radar has many advantages over the incoherent polarimetric radar. For example, with the coherent polarimetric radar the statistical data including the phase difference between the two copolarized channels, can be easily obtained. Another advantage is the significantly simpler signal processing and calibration processes compared to those of the incoherent polarimetric radar. As discussed in the previous section, the NWA-based radar operated in the swept frequency mode is not suited for coherent polarimetric measurements. In this section, we will describe a new technique which utilizes a relatively inexpensive NWA (HP8753C) that allows the acquisition of coherent polarimetric data at a much faster rate With this system it is possible to measure the scattering matrix within 2 ms at 35 and 94 GHz.
The Hewlett-Packard network analyzer, HP8753C, has two independent receiving channels which can be used in the Coupled/Chop mode. It also has a point by point external triggering capability in the swept frequency mode. These functions are ideally suited for the coherent polarimetric radar. For example, the simultaneous acquisition of V and H channels can be done by operating A and B inputs in the Coupled/Chop mode. The point by point external triggering can be used for transmitting V and H sequentially and synchronizing a polarization control circuit to create different polarizations At present, HP8753C does not support the external point by point triggering in the CW mode but a near CW mode can be created in the swept frequency mode by choosing the output frequency bandwidth to be 1Hz. The minimum time to get a complete scattering matrix is approximately 2 ma in the present system. The polarization of the transmitted MMW signal is controlled by a Faraday rotator whose switching time is less than 5 p.*. Using the maximum number of points provided by the HP8753C, it is possible to obtain 800 scattering matrices within 32 * without transferring data into a computer.
The separation of signal from unwanted noise, such as antenna coupling, is accomplished by the hardware gating circuit in the IF path as shown in Fig. 2 . The transmitted pulse length is 20 ns and the pulse-repetition-rate is 5 MHz. Although it is not necessary to scan the RF frequency band in the coherent polarimetric mode, additional independent samples can be realized by averaging the backscattering coefficient over the RF bandwidth [Ulaby et. al., 1988] . A bandwidth of 1 GHz at 35 GHz, for example, offers 5 to 10 independent samples per spatial observation for the tree measurements.
The calibration of the coherent system is straightforward. Because the system has more than 23 dB of isolation between the V and H channels, a simple calibration technique that requires a sphere and a depolarizing target is used 
Incoherent Polarimetric Radar
In the incoherent polarimetric radar technique, the Mueller matrix of the target is measured directly by transmitting four independent polarizations and receiving the Stokes vector of the scattered signal. Because the correlation between the V -and H-polarized signals is inherently included in the received Stokes vector, the measurement time between the different incident polarizations can be much longer than the decorrelation time of the target. The incoherent polarimetric technique also permits the use of MMW sources that do not have good phase-stability in the transmitter section (Mead, 1990] . A desired polarization can be created by placing two quarter-wave plates in front of the transmitting antenna and by adjusting the orientation angle of each wave plate relative to the incident polarization.
The received Stokes vector for a given incident polarization is usually obtained by two different approaches, incoherent and coherent-on-receive techniques. The incoherent receive technique, which often is employed in optics measures the intensity of six different receive polarizations, but the phase measurement is not required. The Stokes vector is obtained by taking appropriate ratios of the receive intensities, as shown in Appendix A.
The receiver of the coherent-on-receive technique is similar to that of the coherent polarimetric radar. The coherent-on-receive method requires the measurement of the magnitudes of the Vand H-polarized receive signals and the phase difference between them, but it does not have to measure the phase angle relative to the transmitted signal, as is the case with the coherent polarimetric radar. The Stokes vector can be computed from the magnitudes of the V and H components of the received signal and the phase difference between them as shown in Appendix A. Because it is relatively easy to measure the phase difference between the V and H channels, our system is based on the coherent-on-receive technique.
Calibration of incoherent polarimetric radar systems involves two steps [Mead, 1990] . In the first step, the receiver distortion matrix is obtained by placing a wire grid polarizer in front of the receiving antenna at three different positions. In the second step, the exact polarization properties of the transmitter are determined by measuring the backscatter from a point target with known scattering matrix using the calibrated receiver.
3 EXPERIMENTAL DATA Table 1 shows the average Mueller matrices of the rhododendron and metallic trees obtained by the coherent and incoherent polarimetric radar techniques. The Mueller matrices are normalised with respect to the L\\ component to show the relative magnitude of the matrix elements. The average Mueller matrix of the coherent polarimetric radar technique was computed from the 8000 scattering matrices obtained over the 34-35 GHz band. Because of the slow data-acquisition speed in the incoherent polarimetric radar, the average Mueller matrix is obtained from only 500 samples, including those due to frequency averaging over the 1-GHz RF bandwidth.
The sum of the Mueller matrix elements L33 and L44, which is a function of the correlation between S vv and SM, , is higher for the metallic tree than for the rhododendron tree. Although the polarimetric signature computed from the average Mueller matrix is useful for showing the characteristics of the target, it is not easy to directly relate the target characteristics to the values of the Mueller matrix elements. Figure 4 shows the probability density function of the phase difference between the two co-polarized channels (<t> t = phase of S.« -phase of St,h) obtained with the coherent polarimetric radar. As expected, p(<Pc) of the metallic tree is much narrower than that of the rhododendron tree, showing strong correlation between S», and So*.
Unlike the coherent polarimetric radar, the information obtained with the incoherent polarimetric radar is limited to the average Mueller matrix and it is not possible to measure the probability density function p(6 c ) directly. Due to a recent theoretical derivation, however, the phase statistics of <t > c can be estimated from the average Mueller matrix [Sarabandi, 1991] . The probability density function p(d>c) is given by The average Mueller matrix given in Table I and the probability density function of the phase difference shown in Fig.  4 are obtained from the same target by two different polarimetric measurement techniques. If the probability density function given by Eq. 1 is correct, p {<!>■) estimated from the average Mueller matrix must be similar to the one shown in Fig. 4 . Figure 5 shows the probability density function computed from the average Mueller matrix obtained by the incoherent polarimetric radar. The agreement between Figs. 4 and 5 is excellent for both trees.
CONCLUSION
The work described in this paper has demonstrated that the average Mueller matrices obtained using the coherent and incoherent polarimetric measurement techniques are essentially identical. The advantage of the coherent polarimetric radar over the incoherent polarimetric radar is its ability to measure the statistical distributions of the magnitudes and relative phases of the scattering matrix elements. The incoherent polarimetric radar, however, is particularly useful if the target decorrelation time is much faster than the data acquisition time.
To demonstrate that the coherent and incoherent polarimetric measurement techniques do indeed provide identical information for distributed targets, experiments were conducted using a rhododendron tree and a metallic structure resembling a short tree. Photographs of these targets are shown in Fig. 3 . The metallic structure is used for creating a target return with strong correlation between the S.» and S»» components. To create many independent samples and also to show that the incoherent polarimetric technique can provide accurate results even if the data acquisition lime is much longer than the target decorrelation time, the trees were rotated at slow (067 rpm) and fast (1.33 rpm) speeds during the data-collection process.
APPENDIX A COHERENT-ON-RECEIVE TECHNIQUE
Complete polarimetric characterization of the scattering properties of a distributed target can be obtained by measuring either the scattering matrix 5 or the Mueller matrix Cm. Measurement of the scattering matrix requires accurate phase measurements. Also 4 elements of S must be obtained within the decorrelation time of the target which is in the order of milliseconds at MMW frequencies. The scattered electric field E r , in terms of the scattering matrix 5 and the incident electric field E 1 , is given by where C m is called the Mueller matrix. The totally incoherent method does not require phase measurements. With this method, the 4 elements of Stokes vector are obtained by receiving 6 polarizations (V,//,45, 135, LHC, RHC). For example, the third element of Stokes vector U is given as a ratio of intensities at 45 linear to 135 linear. For a given incident polarization, therefore, we can obtain a column of the Mueller matrix. To get the complete Mueller matrix, we need to repeat this process for 4 independent incident polarizations. Altogether, at least 24 magnitude only measurements are required to obtain the complete Mueller matrix. Although the phase measurement is not required with the incoherent method, it is necessary to receive all 6 polarizations. The elements of the Stokes vector, in terms of 6 polarizations and a set of 4 independent incident polarizations, given by: where W is the received intensity of polarization.
If a receiver is able to measure the phase between the V and // channels, it is possible to do the incoherent method without measuring 6 polarizations. This method is called the coherent-on-receive (COR) technique. The elements of the Stokes vector can be expressed as
To obtain 5, we need to send [£"0] and [0, Eh] , and measure E v and Ei, simultaneously.
The polarized wave can also be expressed in terms of the Stoke's vector F_ which is defined as 
where S is the phase difference between V and H channels. 
